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Abstract: The circular economy promotes plastic recycling, waste minimization, and sustainable
materials. Hence, the use of agricultural waste and recycled plastics is an eco-friendly and economic
outlook for developing eco-designed products. Moreover, new alternatives to reinforce recycled
polyolefins and add value to agroindustrial byproducts are emerging to develop processable materials
with reliable performance for industrial applications. In this study, post-consumer recycled high-
density polyethylene (rHDPE) and ground rice husk (RH) of 20% w/w were blended in a torque
rheometer with or without the following coupling agents: (i) maleic anhydride grafted polymer
(MAEO) 5% w/w, (ii) neoalkoxy titanate (NAT) 1.5% w/w, and (iii) ethylene-glycidyl methacrylate
copolymer (EGMA) 5% w/w. In terms of processability, the addition of RH decreased the specific
energy consumption in the torque experiments with or without additives compared to neat rHDPE.
Furthermore, the time to reach thermal stability in the extrusion process was improved with EGMA
and MAEO compatibilizers. Tensile and impact test results showed that using coupling agents
enhanced the properties of the RH composites. On the other hand, thermal properties analyzed
through differential scanning calorimetry and thermogravimetric analysis showed no significant
variation for all composites. The morphology of the tensile fracture surfaces was observed via
scanning electron microscopy. The results show that these recycled composites are feasible for
manufacturing products when an appropriate compatibilizer is used.

Keywords: recycled plastics; rice husk; agrowaste filler; compatibilizer

1. Introduction

Recycling is currently one of the most common strategies to reduce the adverse
impact of polymeric material waste [1]. Moreover, this reduces harmful emissions into the
environment, such as carbon dioxide and other chemical agents. It must be pointed out that
every ton of recycled plastic saves approximately 3.8 barrels of oil [2] considering the carbon
footprint of new polymers is greater than recycled material [3]. In addition, following
circular global trends, recycling is gaining greater dynamism in the Ecuadorian plastic
industry. Therefore, government regulations in Ecuador are pushing for the incorporation
of recycled materials into the productive chain of the plastic industry.

Hidalgo-Crespo et al. [4] showed the average distribution of plastic waste in a domestic
household with regard to plastic waste generation in Guayaquil (Ecuador). Figure 1
shows the proportion of primary plastics that have their final disposal in local landfills,
with PET and HDPE/LDPE leading the list. However, mechanical recycling could tailor
these materials by adding several dissimilar plastics incorporating additives or fillers to
improve their processability properties or by developing new affordable materials to create
innovative, more sustainable plastic products.
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Figure 1. Distribution of primary plastic waste in Ecuador. Adapted from [4].

Globally, the plastic industry has incorporated organic and inorganic fillers for several
years. Examples of organic fillers include wood or natural fibers, such as wheat straw,
flax, sisal, or hemp [5,6]. For wood-based composites (WPC), polyethylene, polypropylene,
and polyvinyl chloride have been widely used [7], but the WPC industry must deal with
limited wood resources [8]. Consequently, designing naturally reinforced materials has
become the main research scope for several types of green composites [9-11]. Although
the development of these materials requires a thorough and separate evaluation of the
properties of every component involved and the composite material, the use of natural
fillers offers an eco-friendly alternative for synthetic materials.

In addition, agricultural waste has been used as a filler to solve pollution issues in
several countries. These fillers are a more economical and suitable combination for polymer
composites [12-14]. Rice husk (RH) has been gaining more use in plastics in recent years
and is incorporated with thermoplastics and thermosets for industrial application [15].
Rice (Oryza sativa) is one of the principal agricultural products produced in Ecuador, with
an average annual consumption of 50 kg per capita [16]. In 2019, rice plantations were
distributed around the country, with the highlands and Amazon region accounting for 3.4%
of production and coastal provinces accounting for 96.6%. By 2020, Guayas became the
province with the highest rice yield, producing approximately 879,934 metric tons or 66%
of the country’s total production [17]. During paddy milling, rice husk represent 20% of
the total weight of rice [18,19], meaning more than 200,000 tons of rice husk is generated
in Ecuador every year. Several studies have shown that rice husk is mainly constituted
of cellulose, hemicellulose, lignin, and silica, as detailed in Table 1. Due to its high silica
content, degradation is slower than other agricultural byproducts [20]. Rice husk has little
use other than animal feed, leaving a gap for potential applications in other industrial
processes. Thus, the use of RH in the plastic industry is feasible in Ecuador.

Table 1. Basic rice husk composition.

References Cellulose Hemicellulose Lignin Moisture Silica
Singh [21] 50 - 25-30 10-15 15-20
Chindaprasirt and Cao [22] 40 - 30 - 20
Gao et al. [23] 35-40 15-20 20-25 - -
Marti-Ferrer et al. [24] 45 19 19.5 14 15

Polymer composites reinforced with natural fillers show poor mechanical properties
when the adhesion of the fiber to the polymer is inadequate [25]. Research has shown
that adding an appropriate compatibilizer to a polymer matrix can improve mechanical
properties, including impact strength, ductility, tensile strength, and stiffness, because of
improved interfacial bonding and compatibility [26,27]. Coupling agents based on func-
tional groups such as maleic anhydride and glycidyl methacrylate have been extensively
used to modify fiber or matrix and enhance the interfacial interaction [28]. Compatibilizers
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incorporating maleic anhydride (or maleated polymers) overcome the incompatibility
problem given the interactions between the anhydride groups of the compatibilizer and
the hydroxyl groups of natural fillers, thus increasing tensile and flexural strengths of the
composites [29]. For the case of RH polymer composites, a recent review performed by
Suhot et al. [15] illustrated that most of the reported studies on the mechanical or moisture
absorption kinetics of RH-reinforced composites were related to either RH modification or
surface treatment before its incorporation into HDPE or other polymer matrices. However,
few studies have correlated the feasibility of processing RH polymer composite using
different coupling agents or recycled plastics toward manufacturing sustainable products.

This research assesses the effect of incorporating different commercial coupling agents
in the manufacturing of recycled high-density polyethylene (rHDPE) and RH composites.
The additives included those typically used in polymer compatibilization, such as bipolar
copolymer (EGMA) and maleated copolymer (MAEO), and in in situ macromolecular
catalysis (NAT). To determine the feasibility of processing/performance of the rtHDPE/RH
composites through extrusion processes, the specific energy consumption and shear vis-
cosity were analyzed as well as the morphological, thermal, and mechanical properties of
these composites.

2. Experimental
2.1. Materials

Ground rice husk (RH), which is used as reinforcement, was obtained from different
artisanal rice mills in the Guayas province of Ecuador. Recycled high-density polyethy-
lene (rHDPE) with melt flow index (MFI) of 3.96 g/10 min (190 °C/21.16 kg) was do-
nated by Nutec Representaciones S.A. (Guayaquil, Ecuador). RETAIN™ 3000 (density
of 0.87 g-cm~3), a maleic anhydride grafted polymer (MAEO), was provided by ENTEC
Latin America (Orlando, FL, USA). Ken-React® CAPS® L® 12/L neoalkoxy titanate (NAT)
coupling agent (density of 0.95 g-cm %) was purchased from Kenrich Petrochemicals, Inc.
(Bayonne, NJ, USA). LOTADER® AX8840 (MFI of 5 g/10 min at 190 °C/2.16 kg and a den-
sity of 0.94 g-cm~3), an ethylene-glycidyl methacrylate copolymer (EGMA), was supplied
by ARKEMA (Colombes, France). Additives and rHDPE were used as received.

2.2. Torque Rheometry

Before processing, all compounds were mixed manually in a beaker, as shown in
Table 2. Additives were incorporated 5% w/w, except for the neoalkoxy titanate coupling
agent, which was incorporated as suggested by the manufacturer.

Table 2. Recycled polyethylene/rice husk composite formulations (%).

Composite rHDPE RH MAEO NAT EGMA
rHDPE 100 - - - -
rHDPE/RH, 80.0 20 - - -
rHDPE/RH; 75.0 20 5 - -
rHDPE/RH, 78.5 20 - 1.5 -
rHDPE/RHj3 75.0 20 - - 5

Composites were prepared in a Brabender Plastograph® EC torque rheometer with
a process temperature of 185 °C at 60 rpm for 15 min. Rice husk was dried at 80 °C for
24 h before processing. Curves were obtained for every compound using BRABENDER®
Mixer Program for Windows V4.9.8 and BRABENDER® Data Correlation V4.0.6 software
(Duisburg, Germany).
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Viscosity was determined through empirical equations considering the rheometer’s
geometry and processing variables. The constants relating to the geometry of the two-rotor
mixer were obtained using Equation (1) [11]:

1 2
2

Ki=——,; Ky =
1

- (1)
R, )

where internal radius is R; = 1.65 cm, external radius is R, = 1.85 cm, mean radius is
Ry =1.75 cm), and height is h = 4.6 cm.

Thus, it can be observed that K, depends on n, which was determined in a torque vs.
angular rotor speed (S) log-log plot. S was obtained through Equation (2) [30]:

_ 27nR

S_W 2)

where R is the average speed (rpm) of each test. Because this method is empirical, it is neces-
sary to use the term “apparent” because it approximates the actual values of the rheological
properties. The shear stress (7) and shear rate (), represented by Equations (3) and (4),
respectively, were used [11]:

T = KlM (3)

7 =KsS 4)

where M is the average torque from the software’s torque vs. time graph provided for each
test. Finally, the apparent viscosity (1) was determined according to Equation (5) [11]:

n= ®)
i
It is essential to highlight that these values belong to a constant speed of 60 rpm.
Therefore, a representative equation of the power law must be developed for different
speeds.

2.3. Test Specimen Preparation

Samples were cut manually, with the size determined in accordance with mechanical
properties. Tensile (ASTM D638-type IV) and impact unnotched (ASTM D256) test speci-
mens were molded using a hydraulic heat press for 10 min at 180 °C and 8.3 MPa. After
the specified time, keeping the pressure constant, specimens were cooled down to 155 °C at
a constant rate of 5 °C-min~!. When the equipment reached the set temperature, samples
were immersed in water at room temperature for three minutes before unmolding. Figure 2
shows the test specimens and pellets obtained.

I

Figure 2. Composite samples: rHDPE tensile test specimens (left), rHDPE/RH, impact unnotched

test specimens (right bottom corner), and rHDPE/RH; pellets (right upper corner).
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2.4. Characterization and Evaluation
2.4.1. Rice Husk Granulometry

Rice husk underwent morphological analysis for particle size distribution. A RETSCH
laboratory sieve shaker (Haan, Germany) was operated at 50 Hz using different sieve
opening sizes (850, 500, 300, 212, 150, 106, and 75 pm) for 10 min.

2.4.2. Scanning Electron Microscopy (SEM)

Fractured tensile test specimens and rice husk morphology were observed through
an FEI Inspect S50 scanning electron microscope (Hillsboro, OR, USA) in high vacuum
mode using the backscattering detector at a voltage of 10.5 kV (4.5 spot). Micrographs were
obtained through xT Microscope Server Version 3.1.4 software.

2.4.3. Differential Scanning Calorimetry (DSC)

Transition temperatures and enthalpies were analyzed in a TA Instruments Q200 DSC
analyzer (New Castle, USA). Double run experiments were performed from 23 to 200 °C at
a constant rate of 10 °C-min~! (nitrogen flow of 50 mL-min~!). The degree of crystallinity
(Xc) was measured using the enthalpy of fusion (Hy) and rHDPE weight fraction (w) in the
composite, as shown in Equation (6) [31]. Theoretical melting enthalpy (HJ‘Z) for completely

crystalline HDPE is 293 ]'g_l.

X Hr 100 6
C_Hj"cxwx ©)

2.4.4. Thermogravimetric Analysis (TGA)

The thermal stability of the composites and rice husk was measured using a TA
Instruments Q600 STD (TGA /DSC) analyzer. Samples of approximately 15 mg were tested
under ultra-high-purity nitrogen atmosphere (100 mL-min~!). The experiment was run

from room temperature to 600 °C with a heating ramp of 20 °C-min 1.

2.4.5. Mechanical Properties

Tensile properties were assessed following ASTM D638 in Shimadzu AG-IS (10 kN)
universal test frame. Data were collected and processed through TRAPEZIUM?2 V2.24
software applying a test speed of 50 mm-min~!. Impact resistance tests were performed on
unnotched specimens according to ASTM D256. Jin Jian standard pendulum was operated
at a speed of 3.50 m-s~ 1.

3. Results and Discussion
3.1. Rice Husk Characterization

Micrographs showing rice husk’s surface morphology at 400 x and 500 x magnification
are displayed in Figure 3. Over the outer face of the particle, bump-like structures were
arranged in an orderly pattern. According to Chen et al. [32], this area is mainly constituted
of silica. On the other hand, the inner section of the RH (Figure 3b), which exhibited
irregular alignment, is composed mostly of cellulose and lignin [33].

Figure 4 presents the particle distribution for the rice husk passed through sieves. In
general, 96.2% of the sample had a particle size smaller than 850 pm. More than 50% of the
rice husk passed through the sieves had a particle size between 300 and 850 pm, with 31%
of these being between 300 and 500 pm.
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(a) (b)
Figure 3. Rice husk micrographs: (a) 400x and (b) 500x magnification.
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Figure 4. Rice husk particle distribution.

The thermal profile for rice husk is shown in Figure 5. As can be seen, there are four
stages in the TG curve: volatile loss and three degradation stages. Between 23 and 150 °C,
the weight loss can be attributed to absorbed water and other volatiles [34]. Because the
sample was dried beforehand, the mass loss for this phase was less than 3.5%. A first, slight
degradation stage occurred at 150250 °C. Because the weight loss rate of 0.15%/°C is low,
the initial degradation can be attributed to that of lignocellulosic components [35]. At the
second stage of degradation, from 250 to 400 °C, the sample underwent an active pyrolysis
step where 48% of its mass was lost. The weight loss rate (DTG) curve showed the highest
peak at 341.33 °C and a shoulder peak at 303.12 °C, indicating the maximum degradation
of cellulose and hemicellulose, respectively [36]. At the final stage, at 400 °C, lignin
decomposition continued at a lower rate of 0.04%/°C. Unlike cellulose and hemicellulose,
lignin’s pyrolysis occurs at a broader temperature range (about 100-900 °C) and at an
average rate of 0.14%/°C [37]. The 44.42% residue should include silica, char, and lignin
byproducts.
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Figure 5. TG/DTG for rice husk.

3.2. Torque Rheometry and Processability Analysis

Figure 6a shows the stock temperature behavior due to the presence of the rice husk
during extrusion processing. The observed temperature change related to the melting
temperature inside the mixer chamber may be attributed to a modification in the com-
posite’s properties during processing. The presence of rice husk, which is rich in silica,
decreased the stock temperature after 3 min of processing compared to neat rHDPE. RH
has been observed to increase the thermal stability of the polymer matrices [15] due to
its insulating properties. It has been observed that inorganic materials can decrease the
melting temperature of polyolefin single extrusion process [38], so RH was able to reduce
the stock temperature in these rHDPE polymer composites.

Processability, defined by Sisanth et al. [39] as “the behavior and interactions of
polymer, filler, and other additives during various processing stages”, depends on cure
characteristics and rheological properties. In this case, the processability was related to
the ability to process biocomposites by conventional melting process technologies such
as extrusion, compression, or injection molding to study the typical parameters used in
the plastic processing industry. The main parameters analyzed to evaluate processability
were torque, specific energy, viscosity, and time needed for stability at an extrusion rate
of 60 rpm and processing time of 15 min, as seen in Table 3. From the torque curve in
Figure 6b, the highest loading torque value of 60.4 N-m was obtained when rice husk
was added to the rHDPE matrix. With the addition of this filler, the initial mobility of the
polyethylene chains appeared to be limited, increasing the initial fusion torque [40]. Even
so, the reinforced composites presented lower shear viscosity when they reached a molten
state at about 23 N-m by the end of the test. In contrast, neat rHDPE stabilized at 28 N-m.
A decrease in viscosity of the reinforced composites can be ascribed to a lubricating effect
of the migration of RH components with low molecular weight or wall slip changes due to
the dispersion of RH particles [41].
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Figure 6. Fusion curves: (a) stock temperature vs. time and (b) torque vs. time for neat rHDPE and
reinforced composites.

Table 3. Fusion behavior for neat and filled rHDPE.

Loading/Max Specific Vi . Time Needed .
Composite Torque Ener 1scosity at Stabilit Processing
P 9 8y 60 rpm (Pa-s) Yy Time (Min)
(N-m) (kKN-m/kg) (Min)
rHDPE 53.4£0.7 4656.8 + 13.6 6473.8 13.5 15
rHDPE/RHy 604 £1.0 3790.8 £ 4.6 6113.5 12.5 15
rHDPE /RH; 423 +04 36424 +233 5330.7 12.0 15
rHDPE/RH, 491 +£0.6 3837.1+£212 5055.0 - 15
rHDPE/RHj3 453+ 0.1 3755.7 £12.9 5675.0 11.5 15

The steady state establishes a stable condition for the material’s morphology [42]. Re-
ducing the time to reach this state is essential to optimize processing time and prevent degra-
dation. Stabilization time for most experiments was reached between 11.5 and 13.5 min,
with the materials displaying similar rheological behavior. However, the rHDPE/RH,
composite did not stabilize even after 15 min of processing. Furthermore, it presented an
increase in torque of 25.8 N-m between 4.5 and 11.5 min. This phenomenon observed on
rHDPE/RH,; can generally be attributed to increased interaction between the additive,
polymer, and fiber. The torque increased in the NAT biocomposite, but this behavior was
not reflected in the process temperature. Research on different coupling agents addresses
this torque increase as catalysis [43] or reactive compatibilization [44], where the additive
reacts with the polymer and bonds with the filler.

In general, when polymer is melted, the presence of RH increases the melt density
of the composite, so shear force increases. However, viscous dissipation was affected by
the insulating capacity of the RH, reducing viscosity, torque, and stock temperature. In
addition, the effect of the coupling agent decreased the resistance to flow, so the viscosity,
specific energy, and torque were diminished, except for the NAT biocomposite.

The rtHDPE/RH; and rHDPE/RH3 composites exhibited the lowest stabilization time
and specific energy values. Moreover, given that rHDPE/RHj high fusion peak is not
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beneficial to processability, EGMA and MAEO coupling agents could act as a process aid to
optimize the operation of transformation processes that require lower viscosity [45].

3.3. Scanning Electron Microscopy

The morphology of the reinforced composites after tensile evaluation is displayed
in Figures 7-10. In Figure 7a, an imprint of the RH outer surface can be found. The RH
surface mark is also noticeable for rHDPE/RH; and rHDPE/RH, in Figure 8a or Figure 9a,
respectively. However, RH residue and irregularities can be seen due to the pull-out
phenomenon on MAEO and NAT composites. The enhancement of this phenomenon is due
to the improved compatibility produced between the rice husk and the polyethylene [24].

Rice husk imprint

&

Loose RH particle

(a) (b)

Figure 7. SEM micrographs for reinforced composite rHDPE/RHj (a) 200 x and (b) 500 x magnification.

Loose RH particle
—_

25

Cavitiy / gap

@) (b)

Figure 8. SEM micrographs for reinforced composite tHDPE/RHj (a) 200 x and (b) 400 x magnification.
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Imbedded rice husk
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Fractured-rice husk

~

Imbedded

rice husk

/

(a) (b)
Figure 9. SEM micrographs for reinforced composite tHDPE/RH, (a) 200 x and (b) 180 x magnification.

Cavities / gaps

Figure 10. SEM micrographs for reinforced composite rHDPE/RH3 1000 x magnification.

As can be observed in Figure 7b, the rice husk was loosely attached to the polymer
matrix. The composites incorporating EGMA and MAEO showed stronger compatibility
than rHDPE/RH,, as illustrated in Figures 8 and 10, respectively. Nevertheless, both
composites displayed gaps in their microstructures. Fiber pull-out could be more frequent
during fracture because of the poor interaction between polymer and filler [46].

Figure 9b shows fractured rice husk particles, indicating good interfacial interaction
between fiber and polyolefin [47]. In addition, the RH was distinctly embedded in the
rHDPE matrix compared to the other composites. As can be seen in Figures 7, 8, and 10,
a ductile deformation occurred until breakage, whereas rHDPE/RH; appeared to have a
brittle fracture during the tensile test. This unusual behavior for this matrix might have
resulted from the catalysis provoked by the NAT coupling agent [43].

3.4. Thermal Properties

Transition temperatures, enthalpy changes, and degree of crystallinity (X.) of the
samples are shown in Table 4. Reductions in melting temperatures (T};) when using rice
fibers as polyolefin fillers have been described in the literature [48]. The rHDPE/RHj3
presented a slight reduction in melting temperature. This reduction could be attributed to
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enhanced compatibility of EGMA as well as to the additive’s lower molecular weight [49].
The latter implies diminished thermal properties as the heat necessary for melting would
be lower.

Table 4. Thermal properties of rHDPE and reinforced composites.

Composite Ty (°C) T, (°O) Hy(J-g™ ) H.(J-g™1 X (%)
rHDPE 13423 +£0.99 115.144+0.97 15790+5.10 198.70 + 1.30 53.89 + 0.87
rHDPE/RH, 13474 +0.69 11470+ 091 12585+1.75 161.25+2.65 53.69 4+ 0.75
rHDPE/RH; 13533 +£0.60 115.84 £0.53 124.95+0.55 151.40 4+ 0.60 56.86 + 0.25
rHDPE/RH, 134.10 +0.38 114.55 +0.26  129.40 +0.80 157.50 4+ 0.79 56.26 + 0.35
rHDPE/RH;  133.14 £0.87 11641 +£0.09 12250 £4.57 157.25+0.35 53.90 4 1.66

Enthalpy of fusion (Hy) and crystallization (H.) of the rHDPE decreased for the rein-
forced composites. However, this change was mainly due to the percentage of polyethylene
in the samples [50].

Research has demonstrated that organic fillers affect polymer crystallinity [51] because
molecules are less free to move during crystallization [48]. However, incorporating rice
husk into the HDPE matrix showed no significant change regarding crystallinity. In contrast,
MAEOQO and NAT coupling agents increased X.. The use of maleic anhydride copolymers
has been proved to increase crystallinity due to its ability to promote the interaction
between the organic filler and polymer [52]. On the other hand, the neoalkoxy titanate
coupling agent increases crystallinity when filler concentrations are relatively low [53]. In
general, enhanced compatibility will result in an increase in enthalpy and a higher degree
of crystallinity.

Figure 11 displays the TG and DTG curves of each composite. Recycled HDPE
experienced a single-step degradation process with dramatic weight loss between 420 and
510 °C at approximately 3%/°C. After 600 °C, the residue left was about 0.5%. Given that
rHDPE molecules break down into gaseous byproducts [8], the sample reported the least
residue.

100 | a]
— 80
s,
= 60 rHDPE
o |
S rHDPE/RH,
=40 rHDPE/RH,
20 i rHDPE/RH,
I rHDPE/RH,
0 - \
N 1 N 1 N 1 N 1 N 1 N
0 100 200 300 400 500 600
Temperature [°C]
o3r b
2
[]
g2f
7
o
ST
(]
=
0F T T T T T
0 100 200 300 400 500 600

Temperature [°C]

Figure 11. (a) TG, (b) DTG for rtHDPE/RH composites.
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On the other hand, reinforced composites exhibited a two-step thermal degradation.
From 250 to 400 °C, the weight loss can be mainly attributed to rice husk (Figure 5). The
second stage was defined by the rHDPE matrix. Reported variations in mass loss and
maximum rate of weight loss (DTGmax) were due to the thermal stability of the coupling
agents. The NAT composite showed an early beginning for the polymer degradation
phase. Among the compatibilized composites, THDPE/RHj3 presented the higher DTGpax
of 494.39 °C, followed closely by rHDPE/RH; with 491.50 °C. Despite the influence of
additives on the rHDPE/RH thermal behavior, HDPE process temperatures were lower
than the ones observed in the thermograms.

3.5. Mechanical Properties

Tensile and impact values for rHDPE and reinforced composites are presented in
Table 5. Neat rHDPE exhibited a ductile behavior with an elasticity modulus of 0.929 GPa
and ultimate strength of 23.78 MPa. These properties were significantly affected by adding
20% of rice husk. The tensile strength decreased to 20.48 MPa, while Young’s modulus
increased by 18.77%. The polarity difference between the filler and the polymer matrix
reduced the tensile strength due to poor filler-matrix adhesion, interfering the stress
transfer [52]. The use of compatibilizers slightly increased the tensile modulus of the
reinforced composites. Although incorporating 5% of MAEO decreased the ultimate
strength to 17.66 MPa, NAT and EGMA coupling agents increased the maximum strength,
obtaining 26.77 and 24.15 MPa, respectively. Effective polymer additive/fiber interaction
improves tensile stress [54] as adhesion is enhanced. The elasticity modulus increased for
all reinforced composites. Due to the high stiffness of the organic filler, polymer matrix
mobility was restricted. In this matter, interfacial interaction has little influence on tensile
modulus when compared to ultimate strength [55].

Table 5. Tensile and impact properties of rHDPE and reinforced composites.

Composite Ultimate Strength Young’s Modulus Impact Strength
(MPa) (GPa) (J-m-1)
rHDPE 23.8 £ 0.1 093 £0.1 1733 £ 79
rHDPE/RH, 205+ 04 1.10 £ 0.0 4538 £2.1
rHDPE/RH; 17.7 £ 0.4 1.02 £0.1 7094 £ 3.6
rHDPE/RH, 275+ 0.5 099 £0.1 59.23 £2.2
rHDPE/RHj; 245+ 0.3 1.04 £0.1 87.18 £5.0

Neat rHDPE presented an impact strength of 173.3 -m~!, which decreased to 45.38 ]-m !
when rice husk was incorporated into the polyethylene matrix. A low interfacial adhesion
between the filler and polymer could provoke microcracks at the impact point, promoting
crack propagation during the test [56]. These microcracks result in impact energy reduction.
Similarly, RH particles become a source of stress concentrators and affect the energy
absorption efficiency [57].

Coupling agents enhanced the impact strength of reinforced tHDPE. EGMA and
MAEQ increased this property to 92 and 56%, respectively. Previous studies [25,58] have
shown that better wetting and compatibilization of the filler to the polymer matrix prevent
the propagation of cracks. Titanate coupling agent also improves impact energy absorption
but only by 30%. Rodriguez et al. [59] also showed better enhancement of impact strength
on polyolefin reinforced with organic fibers when using maleic anhydride rather than a
titanate-based coupling agent.

4. Conclusions

Rice husk was incorporated into the rHDPE matrix via a stationary torque rheometer.
The addition of RH filler reduced viscosity and torque at extrusion shear rates, increasing
the feasibility of applying extrusion process for this family of biocomposites. The specific
energy was reduced in the presence of RH and coupling agents from 4656.8 kN-m/kg for
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neat rHDPE to an average of 3800 kN-m/kg for reinforced composites. Thus, production
costs should be decreased due to low-cost RH/rHDPE and reduced cost of energy pro-
cessing. EGMA and MAEO coupling agents decreased the fusion torque of reinforced
composites from 60.4 to 42.3 and 45.3 N-m, respectively, showing it is suitable for trans-
formation processes requiring lower shear viscosity. Micrographs showed poor adhesion
between the fiber—polymer systems. Polar coupling agents demonstrated enhancement
of interfacial interaction. Thermal stability was affected by incorporation of organic filler,
presenting an early, additional degradation stage between 250 and 400 °C. Improvement
in impact properties of the RH composite was observed with MAEO, NAT, and EGMA
coupling agents (up to 92%). According to the results, rice husk is feasible for developing
extruded bio-based composites and process energy optimization when coupling agents are
incorporated. Additionally, rice husk could serve as an eco-friendlier alternative to wood in
WPC, especially in regions where rice is one of the main food supplies for the population.
Furthermore, WPC and RH biocomposites showed similar mechanical properties, namely
good tensile resistance with lower elasticity and impact strength. This study provides the
groundwork for future research on the effect of RH particle size, filler concentration, and
novel coupling agents on the processability of rHDPE/RH-reinforced composites and puts
forward interesting areas to be investigated for other reinforced polyolefins.
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